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Abstract: Most current design methods for geosynthetic-reinforced pile-supported (GRPS) embankments neglect the influence
of fill cohesion, and are therefore only suitable for cohesionless fills. However, cohesive fills are also widely used in GRPS
embankments. To address this issue, we present an analytical model that expands the hemispherical arching model to incorporate
cohesive fill properties. The proposed model integrates the soil arching effect, the tensioned membrane effect, and subsoil support
to provide a simple approach for analyzing load transfer in GRPS embankments. To evaluate the effectiveness of the proposed
model, a comparison with four well-known design methods is conducted using several case studies. This comparison demonstrates
that the proposed model shows good agreement with the measured data, validating the reliability and applicability of our
method. A parametric study is also performed, with the results indicating that the cohesion of fills enhances load transfer in
GRPS embankments, resulting in a greater pile efficacy and a lower geosynthetic deflection. These findings provide valuable
insights for the construction of GRPS embankments.
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1 Introduction

Compared to conventional soil improvement
techniques like soil replacement and preloading, the
geosynthetic-reinforced pile-supported (GRPS) tech-
nique displays better performance in reducing overall
and differential settlements, enabling shorter construc-
tion periods (van Eekelen and Han, 2020; Chen et al.,
2024). Thus, GRPS embankment systems have found
extensive applications in railways (Chen et al., 2016;
Briangon and Simon, 2017; Wang et al., 2018, 2019a,
2019b; Wang and Chen, 2019; Nguyen et al., 2023),
highways (Liu et al., 2007; Chen et al., 2010), and
power plants (Xing et al., 2014; Chen et al., 2021).
In a GRPS embankment system, the soft subsoil is
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reinforced using a rigid network of piles in soft sub-
soil. Above the pile caps, single or multiple layers of
geosynthetic reinforcements can be installed. Due to
the difference in stiffness between the piles and the
surrounding subsoil, differential settlements may occur,
causing the embankment fills between piles to move
downward. However, this tendency is restrained by
the shear resistance generated in the embankment fills.
As a result, part of the embankment load is trans-
ferred to the pile caps. This is known as the soil arch-
ing effect (Terzaghi, 1943). Additionally, the stretch-
ing of geosynthetics caused by differential settlements
can reduce settlement and enhance load transfer to the
piles, which is known as the tensioned membrane ef-
fect (Pham, 2020). Therefore, in GRPS embankment
systems, a considerable part of the embankment load,
together with the surcharge load, is able to be trans-
ferred to the piles through the load transfer mech-
anism (i.e., the soil arching effect and the tensioned
membrane effect), as shown in Fig. 1.

The design of GRPS embankments typically
begins with evaluating the soil arching effect, as it is
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Fig. 1 Illustration of load transfer in GRPS embankment
systems
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recognized as the primary mechanism for GRPS em-
bankment load transfer (Pham and Dias, 2022). To
date, the soil arching effect has been explored by nu-
merous researchers through field tests (Liu et al., 2007,
2015; Chen et al., 2010, 2021; van Eekelen et al.,
2020), physical model tests (Hewlett and Randolph,
1988; Low et al., 1994; Fagundes et al., 2017; Rui
et al., 2019; Al-Naddaf and Han, 2021; Zhou et al.,
2023; Chen et al., 2025a, 2025b; Zhang et al., 2025,
2026), and numerical investigations (Han et al., 2012;
Lai et al., 2016; Bao et al., 2020; Pham and Dias,
2021a; Smith et al., 2022; Chen et al., 2023; Fu et al.,
2025). In addition, several analytical models have been
developed for calculating the soil arching effect. These
models can generally be categorized into four groups
based on their assumptions: empirical soil arching
models (Marston and Anderson, 1913; Jones et al.,
1990), rigid soil arching models (Carlsson, 1987;
Guido et al., 1987; van Eekelen et al., 2003), frictional
soil arching models (Terzaghi, 1943; Handy, 1985;
McKelvey, 1994), and limit equilibrium soil arching
models (Hewlett and Randolph, 1988; Zaeske, 2001;
van Eekelen et al., 2013). Some of these models have
been incorporated into existing design codes and tech-
nical guidelines. For instance, the hemispherical arch-
ing model proposed by Hewlett and Randolph (1988)
is integrated into the British Standard BS8006-1 (BSI,
2010); the nonconcentric hemispherical arching model
from Zaeske (2001) is utilized in the German Standard
EBGEO (German Geotechnical Society, 2011); the
concentric hemispherical arching model developed by
van Eekelen et al. (2013) is employed in the Dutch
Design Guideline (van Eekelen and Brugman, 2016);
the wedge-shaped model introduced by Carlsson (1987)

is adopted in the Nordic Guideline (Rogbeck et al.,
2003). Analysis of these existing models consistently
indicates that calculated soil arching effects in GRPS
embankments mainly depend on the size and layout
of the piles (pile caps), the embankment fill properties
(e.g., the unit weight and the internal friction angle),
and the embankment height. Meanwhile, the proper-
ties of the geosynthetic reinforcement and subsoil also
affect the final performance of GRPS embankments.

It is worth noting that most existing analytical
models for GRPS embankment design were devel-
oped with the assumption of cohesionless fills. There-
fore, these models are limited to cohesionless fills, but
such fills are frequently used in practice, as demon-
strated by numerous studies (Liu et al., 2007, 2015;
Chen et al., 2010, 2021; Nunez et al., 2013; Cao et al.,
2016; Zhang et al., 2018; Zhao et al., 2019; Lu et al.,
2020; Wang and Yin, 2020; Wang et al., 2024; Ye
et al., 2024; Fu et al., 2026). Xu et al. (2016) conducted
scaled model tests and found that cohesive embank-
ment fills enhance the soil arching effect, increase the
pile efficacy (defined as the ratio of the load on the
pile cap to the total applied load), and reduce the pile-
soil differential settlements compared to cohesionless
embankment fills. These findings were corroborated
by Pham and Dias (2021a) through 3D numerical anal-
ysis. Huckert et al. (2016) observed similar behavior
in full-scale tests, highlighting that the collapse mech-
anisms of cohesive and cohesionless fills are signifi-
cantly different. Additionally, numerical trapdoor tests
by Lai et al. (2020) and Chen et al. (2022) demonstrated
that cohesion has a pronounced influence on the soil
arching effect in cohesive-frictional materials. Despite
these advancements, a comprehensive theoretical ap-
proach that effectively incorporates the influence of
cohesive fills into GRPS embankment design remains
elusive. Pham and Dias (2021b) reviewed case studies
and concluded that most existing analytical models are
less applicable to cohesive fills than cohesionless fills.
Although Pham et al. (2022) introduced an analytical
model that accounted for cohesive fills, the ultimate
state at the soil arching foot was neglected, increasing
the risk of failure, especially when the fill height is
relatively high (Hewlett and Randolph, 1988; Low
et al., 1994; Zhuang et al., 2014). Furthermore, the
high complexity of their model, which involves 14
input parameters, limits its practicality for engineers.
On the other hand, disregarding the fill cohesion



entirely, as suggested by some researchers (van Eekelen
et al., 2015), could lead to overly conservative designs,
particularly when high-cohesion fill materials such as
lime-stabilized soil or cement-treated sand are used.

While numerical and field investigations remain
essential methods for analyzing GRPS embankments,
they often entail high computational demands, signifi-
cant costs, and lengthy execution times, which limit
their practicality for early-stage design or rapid assess-
ments. In contrast, analytical models, which are fa-
vored by many researchers (van Eekelen et al., 2013;
Zhuang et al., 2014; Lai et al., 2021; Pham and Dias,
2022; Pham et al., 2022; Zhang et al., 2022; Nguyen
et al., 2023; Zhou et al., 2023), can offer computational
efficiency and clear theoretical insights into key mech-
anisms, guiding the interpretation of numerical and
field results.

In this study, a simplified analytical model is de-
veloped that explicitly considers the influence of co-
hesive fills on load transfer in GRPS embankments.
As an extension of the typical hemispherical arching
model, soil elements at both the crown and soil arch-
ing foot are considered during the calculation of the
soil arching effect in GRPS embankments. Additionally,
the load-carrying contributions of the geosynthetic re-
inforcement and subsoil are incorporated into the pro-
posed model. Simplified assumptions are adopted to
ensure practicality while maintaining theoretical accu-
racy. The main novelty of the proposed model lies in
its ability to account for cohesive fill properties, which
are overlooked in most existing methods, and its ac-
cessibility and efficiency as a design tool for engineers.
The feasibility and applicability of the proposed model
are demonstrated through comparisons with several ex-
isting design methods on experimental data. Further-
more, a parametric study is performed to enhance un-
derstanding of the input parameters influencing em-
bankment behavior.

2 Analysis of GRPS embankments

The following assumptions are adopted in the de-
velopment of our analytical model: (1) the embankment
fill and soft subsoil are homogeneous and isotropic,
and only vertical deformations are considered; (2) the
piles are considered rigid, while the friction between
piles and surrounding subsoils is neglected; (3) the
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ratio of the embankment height to the center-to-center
spacing between piles in the diagonal direction is greater
than 0.5; (4) the creep of the geosynthetic reinforce-
ment and the subsoil is not considered. These assump-
tions were also adopted in several current analytical
solutions (BSI, 2010; German Geotechnical Society,
2011; Zhuang et al., 2014; van Eekelen and Brugman,
2016; Lai et al., 2021; Pham and Dias, 2022; Zhang
et al., 2022) to achieve simplicity and practicality.

2.1 Analysis of the soil arching effect

2.1.1 Hemispherical arching model (Hewlett and
Randolph, 1988)

Limit equilibrium models are commonly utilized
in current design codes (or guidelines) for GRPS em-
bankments, allowing for the consideration of load dis-
tribution shape (Low et al., 1994; Rogbeck et al., 2003;
BSI, 2010; German Geotechnical Society, 2011; van
Eekelen and Brugman, 2016). The hemispherical arch-
ing model proposed by Hewlett and Randolph (1988)
is one of the most widely used soil arching models
based on limit equilibrium theory. This model involves
a series of hemispherical domes, as shown in Fig. 2. It
offers a clear analytical framework for the soil arching
effect without imposing excessive computational de-
mands. Therefore, we select it as the foundational
framework for our analysis of the soil arching effect
in cohesive embankment fills.

2.1.2 Failure at the crown of arching

The stress analysis of the crown of arching is
shown in Fig. 2b. The stress equilibrium in the vertical
direction must follow:

do, , domer) __, "
where o, and o, represent the radial and tangential
stresses, respectively (kPa); r represents the hemi-
sphere radius (m); y represents the average unit weight
of the embankment fills (kN/m’).

At the limit state, considering the embankment
fills’ cohesion contribution to the shear strength, the
tangential stress g, can be expressed as:

0,=K,0,+2cy\/K,, 2)
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Fig. 2 Hemispherical arching model of Hewlett and Randolph
(1988): (a) conceptual representation; (b) stress analysis of
soil element at the crown of arching; (c) stress analysis of
soil element above the pile cap. The parameters are explained
in the maintext

Htang+c

x= i}O(yth:n 0’ (3)
where K represents the passive earth pressure Ran-
kine coefficient, K =tan’(45°+¢/2 ); ¢ is the internal
embankment fill friction angle (°); ¢ is the embank-
ment fill cohesion (kPa); H is the equivalent embank-
ment height (m), H=(yh+ q)/y; h represents the actual
embankment height (m); ¢ denotes the surcharge load
(kPa). In particular, y is a dimensionless cohesion coef-
ficient that integrates the cohesion contribution with the
shear strength, accounting for the unit weight, the em-
bankment height, and the soil internal friction angle.

As detailed in Eq. (3), the numerator (yH tang-+c)
provides shear strength considering the cohesion, and
is then divided by a shear strength without cohesion
(yH tang), making the result a dimensionless quantity.
The introduction of yH allows the influence of soil
height on the cohesion to be considered. Further divid-
ing the result by 10 is an empirical scaling approach,
which was also adopted by Pham et al. (2022), to en-
sure that the cohesion coefficient y falls within a range
typical for soil conditions and embankment heights
in engineering practice (generally less than 1). This
avoids unrealistically high cohesion contributions to
the shear strength at the limit state, thereby improving
the stability and applicability of the model across vari-
ous soil conditions. The dimensionless cohesion coef-
ficient y can adjust the cohesion contribution to the
shear strength at the limit state according to the soil
properties (e.g., cohesion, internal friction angle, and
unit weight). Additionally, it allows the cohesion’s in-
fluence on the shear strength to vary with the soil
height. This plays an essential role in improving the
accuracy and applicability of our proposed model.

By substituting Eq. (2) into Eq. (1), and applying
the boundary condition at the top of the crown, where
r:s/ V2 , o,zy(H— s/ V2 ), the radial stress o, at any

radius within the arching can be determined as:

a,.=y{H—(s/\f2)(2Kp_2”(\/Szr)zkp2+

2K,-3
\/7 2K,-2 @
yr 3 2r)
21<p—3+{1 ( s }A’

where s represents the center-to-center pile spac-

ing (m).
A is a parameter which is defined as:

L 2K,

K ®)

Note that a square arrangement of piles is as-
sumed in this study.

Obviously, the inner boundary radius of the crown
top is (s — a)/ V/2 (a is the width of the square pile caps
(m)). Therefore, the radial (vertical) stress at this
inner boundary can be obtained by substituting =



(s—a)/ V2 into Eq. (4). Adding this to the vertical

stress y(s—a)/ V2 caused by the embankment fills

beneath the arching, the vertical stress acting on the
embankment base o, can be derived as:

g

+y(s—a)/V2. (6)

V=0, r:(sfa)/\/f

Next, combining Egs. (4) and (6), the vertical
stress acting on the base of the embankment can be
determined as:

2Kp—2 u 2K,-2
avzy[H—(S/\FZ)(ZKP_3)1(l—S) v

—a 2K,-2 e
S B 1—(1—3) A.
\/521<p_3

(7

For a circular pile cap, the equivalent width can be
calculated as a=d \/E/Z, where d represents the circu-
lar pile cap diameter (m).

The vertical stress o, is assumed to act uniformly
across the embankment base. This vertical stress is
also regarded as the total residual stress borne by the
geosynthetic reinforcement and the subsoil. Within
the contributed region per pile (cap), the overall vert-
ical equilibrium condition requires that:

s'yH= (s’—a*)o,+P?, ®)

where P! is the portion of loading distributed to the
pile cap by the soil arching effect (kN). Accordingly,
the pile efficacy resulting from the soil arching effect
(E,), which represents the percentage of the total load
(including the surcharge) distributed directly onto the
pile caps by the soil arching effect, can be determined
as:

a 22
gD ma)e ©)
s*yH s yH

2.1.3 Failure at the arching foot

The pile caps are considered to be at the bases of
four plane-strain arching feet, as shown in Fig. 2a. For
each one, the stress analysis above the pile cap is de-
tailed in Fig. 2c. Stress equilibrium in the horizontal
direction requires that:
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do, o0,-0,
+

r

dr r

=0. (10)

At the limit state, the relationship between the
tangential stress g, and the radial stress o, also satisfies
Eq. (2). In addition, the radial stress on the inner bound-
ary at the base of a plane-strain arching foot, with a
radius of 7= (s—a)/2, can be determined as:

o,=K,o0,+2cy\/K, . (1)

Substituting Eq. (2) into Eq. (10), and using the
boundary conditions of r= (s—a)2 and ¢,=K, o, +
2¢y /K, the radial stress o, at any radius within the
arching foot can be calculated as:
2r
—a

ar=Kp(av—A)( )KP_I+A. (12)

N

Under this condition, the portion of loading dis-
tributed to the pile cap by the soil arching effect (P?)
can be calculated by integrating the tangential stress
o, across the pile cap:

s/2
=4 ou(s=2ndr, (13)

Combining Egs. (2), (12), and (13), PZ can be ob-
tained as:

K a -
a__ _ p _ — o
P!=2(s—a) K +1 [S(l s) s Kpa] (14)

(6,—A) +Aa’=B(o,—A) +Ad’,

where B is a parameter defined as:

B=2(s—a) (1 a)_Kp K 15
—S—aKp+1s—S —-s=K,a|. (15)

By replacing Eq. (8) with Eq. (14), the solution
for o, can be calculated as:

_ s’yH-A(a’-B)

(s*—a*) +B (16)

Thus, the pile efficacy component £, by the soil
arching effect is:
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In Egs. (4)—(17), the terms containing the param-
eter A essentially represent the main novelty of the
proposed model, accounting for the effect of fill cohe-
sion on the soil arching effect from a theoretical per-
spective. Importantly, when the cohesion parameter is
set to zero (i.e., A=0 in Egs. (7) and (16)), the soil
arching component of the proposed model becomes
mathematically identical to the original hemispherical
arching model proposed by Hewlett and Randolph
(1988). This ensures that our approach still exactly re-
produces the original hemispherical arching model for
cohesionless soils, while extending its applicability to
cohesive GRPS embankments.

It should be noted that the cohesion parameter in
this study represents the short-term undrained shear
strength of the fill material, which is applicable to the
immediate post-construction stage, when undrained
conditions dominate. For long-term service conditions,
in which consolidation reduces the effective cohesion,
the cohesion term should be reduced or omitted, and
the drained shear strength parameters are adopted in
the model.

2.2 Deflection behavior of the geosynthetic
reinforcement

Under the embankment’s weight and surcharge,
the subsoil settles, causing a deflection of the geosyn-
thetic reinforcement. This deflected shape enables the
geosynthetic to transfer part of the applied load to the
pile caps, reducing the load on the subsoil; this is
known as the tensioned membrane effect (Han and
Gabr, 2002; Pham, 2020; Ye et al., 2020; Sun et al.,
2025). Numerical results from Pham and Dias (2021a)
suggested that the deformation of geosynthetic closely
follows a circular shape in GRPS embankments. No-
tably, other deformation shapes have been proposed
in the literature, such as the parabolic shape suggested
by Zaeske (2001) and the third-order power-law shape
presented by van Eekelen et al. (2012). In this study,
the circular deformation model is adopted for its sim-
plicity, as illustrated in Fig. 3.

The average geosynthetic strain due to stretching
can be represented in relation to the maximum deflec-
tion as:

I,'e e\\

T o \ T
’ \\

o~ L. v 6
By
Geosynthetic

reinforcement

Subsoil k, U

r ¥ v
1 s 1 a 1

Fig. 3 Deformation analysis of the geosynthetic reinforcement
between adjacent piles. The parameters are explained in
the maintext

(18)

where ¢ is the average axial strain of the geosynthetic

reinforcement and y represents the maximum deflec-

tion of the geosynthetic reinforcement at the mid-span

between piles (m). Assuming a linear elastic response

of the geosynthetic reinforcement, the geosynthetic ten-
sion induced by vertical stress can be determined as:

T=¢J . (19)

where T represents the geosynthetic tension (kN/m) and

Jgr denotes the geosynthetic tensile stiffness (kN/m).

On the other hand, the geosynthetic tension T

can be estimated through tensioned membrane theory
for a circular deformation model (Low et al., 1994):

T=0,xQ(s—a), (20)

where o, represents the vertical stress borne by the

geosynthetic reinforcement (kPa), and 2 is a dimen-
sionless factor that is defined as:

= 2D

L 2y s—a
Q 4 (s—a - 2y )

Combining Eqs. (18)—(21), the vertical stress
borne by the geosynthetic reinforcement o, can be
expressed as:

64y° J
OGr= B 27"
3(s—a) [4y2+ (s—a) ]

(22)



2.3 Subsoil reaction

Subsoil support in GRPS embankments has been
reported in several studies (Zhuang et al., 2014;
Zhuang and Wang, 2016; Pham, 2020; van Eekelen
and Han, 2020). The comparisons conducted by Pham
and Dias (2021b) demonstrated that the analytical
methods considering subsoil support, e.g., van Eekelen
and Brugman (2016) and German Geotechnical Soci-
ety (2011), yield better predictions of the measured
data than the methods without subsoil support consid-
eration, such as BSI (2010). Hence, subsoil support is
considered in the present model.

To simplify the analysis, a linear subsoil model
is used, similar to Winkler’s model. Note that in GRPS
embankments, the maximum subsoil settlement is typ-
ically assumed to be equal to the maximum geosyn-
thetic deflection by default (Zhuang et al., 2014; Pham,
2020; Pham and Dias, 2022). Consequently, the reac-
tion pressure induced by the subsoil settlement can be
estimated by a linear subsoil model as:

o.= vk, (23)

where o, is the upward reaction pressure from the sub-
soil (kPa); k, denotes the subsoil reaction modulus
(kPa/m or kN/m’); U is the average subsoil consolida-
tion degree calculated based on Terzaghi’s 1D consol-
idation theory (Terzaghi, 1943).

In Eq. (23), the value of the subsoil reaction
modulus £, is:

k,=E,/D,,, (24)

where D, represents the soft subsoil active depth (m)
and E; is the average 1D subsoil deformation modu-
lus at the active depth (kPa). Following Terzaghi et al.
(1996), the active depth D, is defined as the soft sub-
soil depth where the additional stress induced by the
applied load is less than 20% of the vertical geostatic
stress. For simplification, the empirical equations pro-
posed by Pham (2019) are adopted herein for calculat-
ing D, as follows.

For a clayey subsoil,

D,.=10x 4/S;a,

(25a)
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and for a sandy subsoil,

[s—a
D,.=10x 4 30

For an average 1D deformation modulus value of
the subsoil E,, it can be optimally determined through
field or laboratory experiments, such as plate load tests
and consolidation tests. Note that in the case of soft
subsoil multilayers, the equivalent subsoil modulus is:

DED,
ES = 2
o,
where D, represents the thickness of each layer within

the active depth (m) and E is the corresponding 1D
deformation modulus of each layer of subsoil (kPa).

(25b)

(26)

2.4 Closed-form solution

Currently, the maximum geosynthetic deflection
y in Egs. (22) and (23) is an unknown variable. To
solve this problem, a stress analysis of the element
below the geosynthetic between the pile caps is per-
formed, as shown in Fig. 4. The simple vertical equi-
librium can be obtained as:

q
IR R 2R 2 2 2R 2 2 2R
RS
wew _
[ \\ O, .-

hl 2 14 1AL
l HT 1111 LA
T

Fig. 4 Stress analysis for the element below the geosynthetic
between the pile caps

0,—Ogr=0,. (27)

Eq. (27) means that the residual stress induced
by the soil arching effect (¢,) is supported by both the
geosynthetic reinforcement (o4;) and the subsoil (o).
By substituting Egs. (22) and (23) into Eq. (27), the
maximum geosynthetic deflection y can be expressed
as a reduced cubic equation:

By +B.y* + By +p,=0, (28)
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in which

B =64J o + 12(s—a)2%, B=—12(s—a)’o,,

ﬂ3=3(s—a)4%‘, B.==3(s—a)'s,.

Note that in these equations, the value of g, is de-
termined by the larger result among those calculated
by Egs. (7) and (16). The value of £, is estimated by
Eq. (24).

By solving Eq. (28), the maximum geosynthetic
deflection y is determined. Then, the other unknowns
can be calculated by substituting the value of y back
into the corresponding equations, such as the geosyn-
thetic tension 7 using Egs. (18) and (19), the vertical
stress borne by the geosynthetic reinforcement o,
using Eq. (22), and the subsoil reaction pressure o,
using Eq. (23).

In addition, utilizing the vertical force equilibrium
at the pile cap top, the vertical load transferred onto
the pile cap by the tensioned membrane effect can be
calculated as:

P"=8aTsin0, (29)
where P! represents the vertical load transferred onto
the pile cap by the tensioned membrane effect (kN)
and @ is the deflected angle (°), as shown in Fig. 3.
Considering the circular deformation pattern of the
geosynthetic reinforcement, a classical approximation
for the deflected angle (6) can be made (Low et al.,
1994):

4l y/(s—a)]

sinf= ————————.
1+4[ y/(s—a)]

(30)

By replacing Eq. (29) with Eq. (30), P can be
expressed as:

_ 32aTy(s—a)
4 +(s—a)*’

m
c

€2

The pile efficacy component induced by the ten-
sioned membrane effect (E,) is thus equal to:

Pm
E =——. 32
m SZyH ( )

The total pile efficacy (£), which is defined as
the ratio of the total load transmitted on the pile cap
to the total embankment load including the surcharge,
can be written as:

E=E +E,. (33)

Note that the value of E, is determined by the
lower result of Egs. (9) and (17).

The stress reduction ratio (7), defined as the ratio
of the average vertical stress on the subsoil surface to
the average weight of the embankment and surcharge
(jointly influenced by soil arching effect and tensioned
membrane effect), is calculated as:

=i (34)

Based on the pile efficacy and the stress reduc-
tion ratio, the load transfer mechanism in GRPS em-
bankments can be assessed. Following this, a design
flowchart for GRPS embankments using the proposed
model is illustrated in Fig. S1 of the electronic supple-
mentary materials (ESM). The proposed model fol-
lows a two-step process: First, the load distribution
between the pile caps and geosynthetic—subsoil sys-
tem is evaluated based on the developed soil arching
model, which incorporates the influence of fill cohe-
sion. Second, tensioned membrane theory, incorporat-
ing subsoil support, is introduced to analyze the load-
deflection behavior of the geosynthetic reinforcement.
The maximum tensile force/strain of the reinforce-
ment is then calculated accordingly.

3 Validation of the analytical model

To validate the proposed analytical model, a
comparison is conducted between our model and ex-
isting analytical models across several experimental
cases. The other models consist of four widely used
design standards: the Nordic design guideline (NGG)
(Rogbeck et al., 2003), the British Standard BS8006-1
(BSI, 2010), the German Standard EBGEO (German
Geotechnical Society, 2011), and the Dutch Design
Guideline (CUR226) (van Eekelen and Brugman,
2016). These analytical models are illustrated in
Section S5 of the ESM. The comparison results are



presented in terms of pile efficacy, the maximum
deflection of the geosynthetic, and the geosynthetic
tension.

3.1 Full-scale field test in Shanghai (Liu et al., 2007)

The monitoring results of a GRPS highway em-
bankment located in a northern suburb of Shanghai,
China, were presented by Liu et al. (2007). For clar-
ity, a detailed description of this case is provided in
Section S1 of the ESM, and the input parameters for
the analytical models are also summarized in Table S1
of the ESM. Table 1 presents a comparison of the re-
sults from different analytical models and measure-
ments. Overall, the proposed model shows good agree-
ment with the measured data as compared to the other
methods. Although the CUR226 method predicts the
total pile efficacy reasonably well, it considerably over-
estimates the maximum geosynthetic deflection. The
other methods display notable deviations from the mea-
sured data in terms of the total pile efficacy, maximum
geosynthetic deflection, and geosynthetic tension.
Notably, despite accounting for subsoil support, the
EBGEO method considerably overestimates the geo-
synthetic deformation in this case. This discrepancy is
probably caused by the small value of the improvement
area ratio ¢ (only equal to 8.7% in this case), which
represents the percentage of the total foundation area
that the pile caps cover.
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3.2 Full-scale field test in Zhejiang (Liu et al., 2015)

Liu et al. (2015) reported a case study on a GRPS
embankment for a highway construction project over
soft ground in Ningbo, China. A detailed description
of this case is available in Section S2 of the ESM, and
the corresponding input parameters is also shown in
Table S2 of the ESM. Table 2 presents a comparison
between the results obtained from the analytical models
and the measured data. The proposed model achieves
solid agreement with the measurements of the total pile
efficacy, maximum deflection, and geosynthetic ten-
sion. While the CUR226 method provides a reason-
able estimate of the overall pile efficacy, it exagger-
ates the maximum geosynthetic deflection, as well as
the associated tensile forces. The other methods also
substantially overpredict these parameters. Compared
to the BS8006-1 method (which uses the original hemi-
spherical arching model), the proposed model demon-
strates better consistency with the measurements. These
results indicate that considering the fill cohesion and
the subsoil support yields higher accuracy in estimat-
ing the considered parameters of GRPS embankments.

3.3 Full-scale field test in Zhejiang (Chen et al., 2021)

Chen et al. (2021) described a series of field tests
for a GRPS embankment on a soft marine deposit lo-
cated on the coast of the East China Sea. A detailed
description of this case is provided in Section S3 of

Table 1 Comparison of calculated and measured results for case of Liu et al. (2007)

Model E (%) E (%) n T (kN/m) y (mm)
Proposed model 54.8 55.1 0.49 2.9 65.0
CUR226 (van Eekelen and Brugman, 2016) 53.1 57.3 0.46 27.1 107.0
EBGEO (German Geotechnical Society, 2011) 46.2 65.5 0.38 67.0 203.1
BS8006-1 (BSI, 2010) 54.0 100 0 244.0 599.0
NGG (Rogbeck et al., 2003) 51.9 N/A N/A 128.8 435.1
Measured data N/A 56.6 0.48 3.5) 72.0

Parenthesized value is derived by the deflection of geosynthetic and N/A indicates that data were not available
Table 2 Comparison of calculated and measured results for case of Liu et al. (2015)

Model E (%) E (%) n T (kN/m) y (mm)
Proposed model 73.4 76.1 0.29 5.8 43.4
CUR226 (van Eekelen and Brugman, 2016) 68.8 75.4 0.30 27.2 64.4
EBGEO (German Geotechnical Society, 2011) 62.9 95.5 0.05 59.6 124.5
BS8006-1 (BSI, 2010) 71.4 100 0 107.5 187.4
NGG (Rogbeck et al., 2003) 76.8 N/A N/A 72.9 154.4
Measured data N/A 71.7 0.27 (5.0 40.5

The notations are consistent with those in Table 1
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the ESM, and the corresponding input parameters can
be found in Table S3 of the ESM. A comparison be-
tween the results obtained from different analytical
models and field measurements is provided in Table 3.
Notably, the proposed model shows superior agree-
ment with the measured data for both the pile efficacy
component from soil arching (£,) and the maximum
geosynthetic deflection (y), as compared to the other
methods. The CUR226, EBGEO, and NGG methods
all slightly overpredict E,. In addition, the £, value
predicted by the proposed model is close to that given
by the BS8006-1 method. This is mainly because the
fill cohesion in this project is quite low (5 kPa) while
the internal friction angle is relatively high (39°),
which limits the influence of cohesion on the soil arch-
ing effect. Moreover, it is obvious that the BS8006-1
and NGG methods significantly overestimate the max-
imum deflection and the geosynthetic tension. This is
because subsoil support is not considered in these two
methods.

3.4 Full-scale model test (Wang et al., 2019b)

Wang et al. (2019b) constructed a full-scale model
of a GRPS railway track-bed, utilizing a concrete slab
and a water bag to simulate the pile caps and the sur-
rounding subsoil, respectively. More information about
this test is provided in Section S4 of the ESM, and the
corresponding input parameter is included in Table S4
of the ESM. The results from various analytical models

are compared to the experimental data, as shown in
Table 4. The proposed model’s predictions match well
with the experimental data of pile efficacy, geosyn-
thetic tension, and maximum geosynthetic deflection.
The CUR226 and EBGEO methods slightly overpre-
dict £, but underpredict y. In contrast, the BS8006-1
and NGG methods still overestimate y, primarily
because of the neglect of subsoil support. Note that
the cohesion of embankment fills is relatively high
(16.3 kPa). As a result, the cohesion effect’s enhance-
ment of the soil arching is considerable. Therefore,
the proposed model yields a higher value than the
BS8006-1 method in terms of £,. By taking the cohe-
sion effect and subsoil support into account, the pre-
dictive accuracy for pile efficacy and geosynthetic
deformation is thus improved. This improvement
highlights the practical benefits of incorporating cohe-
sive fill effects and subsoil support into analytical
frameworks.

3.5 Comprehensive comparison

To assess the reliability and applicability of the
proposed model across a broader range of conditions,
additional data on pile efficacy and maximum geosyn-
thetic deflection from van Eekelen et al. (2008, 2010),
Chen et al. (2010), and Pham and Dias (2021a) are in-
corporated, alongside the data from the previous four
cases. These datasets cover a wider variety of pile con-
figurations, filling materials, and embankment heights,

Table 3 Comparison of calculated and measured results for case of Chen et al. (2021)

Model E (%) E (%) n T (kN/m) y (mm)
Proposed model 79.4 80.8 0.30 5.8 30.8
CUR226 (van Eekelen and Brugman, 2016) 88.3 90.4 0.15 9.9 25.8
EBGEO (German Geotechnical Society, 2011) 88.1 93.7 0.10 13.1 53.5
BS8006-1 (BSI, 2010) 78.8 100 0 76.2 90.0
NGG (Rogbeck et al., 2003) 87.3 N/A N/A 61.7 100.8
Measured data 80.1 81.2 0.29 (4.6) 27.5

The notations are consistent with those in Table 1
Table 4 Comparison of calculated and measured results for case of Wang et al. (2019b)

Model E, (%) E (%) n T (kN/m) » (mm)
Proposed model 87.8 89.4 0.15 4.2 20.3
CUR226 (van Eekelen and Brugman, 2016) 91.6 923 0.11 1.3 4.8
EBGEO (German Geotechnical Society, 2011) 92.4 92.9 0.10 0.5 13.9
BS8006-1 (BSI, 2010) 83.7 100 0 38.3 61.1
NGG (Rogbeck et al., 2003) 89.4 N/A N/A 33.7 57.4
Measured data 84.6 87.5 0.18 4.1) 20.0

The notations are consistent with those in Table 1



enabling a more comprehensive validation. Following
the design flowchart shown in Fig. S1 of the ESM and
the calculation steps of the different models detailed
in Section S5 of the ESM, predictions of pile efficacy
and maximum geosynthetic deflection can be obtained.
Thereafter, comparisons of different model predictions
with measured results for the maximum geosynthetic
deflections and the total pile efficacies are illustrated
in Figs. 5a and 5b, respectively. Note that the total pile
efficacy cannot be calculated by the NGG method.
Thus, a model by Pham et al. (2022) is included here-
in for comparison. It is important to recognize that the
actual behavior of the GRPS system is complex, while
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Fig. 5 Comparison of different model predictions against
measured results: (a) the maximum geosynthetic deflection
and (b) the total pile efficacy
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some simplified assumptions are made in developing
equations for each analytical model (e.g., the friction
between piles and surrounding subsoils is often ignored
to facilitate mathematical modelling). Consequently,
these analytical models may find it difficult to achieve
perfect agreement with the measured values.

On the whole, the proposed model exhibits a
closer match with the measured data than the other
methods for both the maximum geosynthetic deflec-
tion (Fig. 5a) and the total pile efficacy (Fig. 5b). The
BS8006-1 method does not consider subsoil support,
instead assuming that the entire embankment load is
carried by the piles and geosynthetic reinforcement.
Consequently, it significantly overestimates the geo-
synthetic deflection and produces conservative results,
with a total pile efficacy of 100%. Both the CUR226
and EBGEO methods tend to overestimate the geo-
synthetic deflection, which in turn leads to an overes-
timation of the total pile efficacy. The EBGEO method
includes the subsoil support in the design, but only for
the area beneath the reinforcement strips between ad-
jacent piles, which can result in an overestimation of
the geosynthetic deflection and tension. Regarding the
CUR226 method, the main reason for overestimating
the geosynthetic deflection (which results in a slight
overestimation of total pile efficacy) might be not con-
sidering the degree of subsoil consolidation, which
has been indicated as playing an important role in esti-
mating the complex behavior of GRPS embankments
(Zhang et al., 2022). On the other hand, the model
proposed by Pham et al. (2022) slightly underestimates
the geosynthetic deflection. Therefore, it produces a
slight underestimation of the total pile efficacy, likely
due to the inverse triangular load distribution on the
geosynthetic and the assumption of a parabolic geo-
synthetic deflection shape in the model.

To further evaluate the performance of the pro-
posed model under relatively high fill conditions,
Fig. S2 in the ESM compares the predicted pile effic-
acy by soil arching (£,) from the proposed model, the
model by Pham et al. (2022), and the corresponding
measurements for cases with H/(s—a)>2.0. The results
indicate that the proposed model generally aligns more
closely with the measured values than the predictions
from the model of Pham et al. (2022). This improve-
ment can mainly be attributed to improved consider-
ation of the ultimate state at the soil arching foot,
which becomes increasingly important under higher
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fill heights. In addition, the proposed model incorpo-
rates the fill cohesion and subsoil support in a more
concise analytical form, requiring only nine input pa-
rameters while maintaining predictive accuracy.

4 Parametric study

To better understand the complicated behavior of
GRPS embankments, a parametric study is conduct-
ed. Five key parameters are considered, including the
normalized fill height H/(s—a), the improvement area
ratio ¢, the internal friction angle of fills ¢, the geo-
synthetic tensile stiffness J;, and the subsoil reaction
modulus k.. Moreover, the analysis is extended to con-
sider three different values of fill cohesion to empha-
size the influence of cohesion on GRPS embankment
performance. In this parametric study, only one pa-
rameter is modified at a time, while the others are
held constant at the baseline values specified by Chen
et al. (2021) (see more details in Section 3.3). The
basic parameters used in the parametric study are
summarized in Table S5 of the ESM. The results are
discussed in terms of the total pile efficacy and the
maximum deflection of geosynthetic. These results are
obtained for the GRPS embankment described by Chen
et al. (2021), which is characterized by a relatively
high ¢ (36%). Note that different trends may be ob-
served for embankments with substantially different
configurations.

4.1 Normalized fill height

Fig. 6a shows the influence of the normalized
fill height on the total pile efficacy for different fill co-
hesion values. It can be observed that the pile efficacy
increases with H/(s—a). It reaches a limit value at a
relatively high value of H/(s—a). This trend is consis-
tent with the experimental results of previous studies
(Xu et al., 2016; Wang et al., 2019b). As the embank-
ment fill height increases, a higher shear resistance is
mobilized, resulting in a more significant soil arching
effect. On the other hand, a plane emerges where the
differential settlement reaches zero when the H/(s—a)
is large enough, namely the equal settlement plane.
The soil shearing above the equal settlement plane is
negligible, having less influence on the soil arching
effect. As a result, the growth rate of the pile efficacy
decreases significantly following the equal settlement
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Fig. 6 Influence of normalized fill height on the (a) total
pile efficacy and (b) maximum geosynthetic deflection at
different cohesion values of fills (note: only the H is modified
here)

plane formation. This implies that once the normal-
ized fill height exceeds a certain threshold, further in-
creasing the height would not contribute significantly
to load transfer improvement, but would potentially
increase construction costs. In addition, as shown in
Fig. 6a, it seems that the equal settlement plane forms
when the normalized fill height H/(s—a) is larger than
2.5, which is termed the critical normalized height.
This value can serve as a useful reference in engineer-
ing practice, suggesting that embankments with H/(s—a)
above 2.5 are unlikely to gain significant additional
pile efficacy from further height increases. This agrees
well with the results of Zhuang et al. (2012): the pile
efficacy increases with the increase of H/(s—a), but
tends to approach a limit value when H/(s—a) increases
continuously.



From Fig. 6a, one can observe that the pile effi-
cacy increases as the fill cohesion increases. This indi-
cates that the fill cohesion enhances load transfer in
GRPS embankments. Nevertheless, as the embankment
height increases, the impact of embankment fill cohe-
sion on the pile efficacy becomes less significant. This
finding is in keeping with the numerical results reported
by Pham and Dias (2021a). According to soil shear
strength principles, the shear resistance of soils (7) com-
prises both a friction resistance component (o tan @)
and a cohesion resistance component (c). A higher
embankment corresponds to a higher stress level (o).
As a result, the friction resistance component of fills
for mobilizing soil arching is more significant with a
higher embankment (reflected in ¢,). This could be
the main reason for the cohesion’s influence on the
pile efficacy when varying the embankment height.

Fig. 6b presents the normalized fill height influ-
ence on the maximum geosynthetic deflection for dif-
ferent fill cohesion values. The results show that as
the value of H/(s—a) increases, the maximum geosyn-
thetic deflection does not vary significantly, particu-
larly when the cohesion is relatively low. Furthermore,
the maximum geosynthetic deflection decreases with
increasing fill cohesion. This is because as the fill in-
creases the cohesion, the soil arching effect is en-
hanced, with less residual stress being carried by the
geosynthetic reinforcement and subsoil. Such results
further demonstrate the cohesive effect’s role in im-
proving load transfer in GRPS embankments.

4.2 Improvement area ratio

The improvement area ratio ({) represents the
percentage of the total foundation area that the pile
caps cover, which can be increased by increasing the
pile cap width (a) or reducing the pile spacing (s).
The former method is adopted herein. Fig. 7 plots the
improvement area ratio’s effect on the total pile efficacy
and maximum geosynthetic deflection. From Fig. 7a,
we can see that the pile efficacy increases remarkably
with ¢ With { increasing, more loads are transferred
to the pile cap, leading to a higher pile efficacy. Mean-
while, the pile efficacy shows an increase with the fill
cohesion. This means that the cohesive fills strengthen
the stress transfer in GRPS embankments, as compared
to the case of cohesionless fills. Moreover, note that
the cohesion effect becomes more effective when the
{ exceeds approximately 10%. Below this threshold,
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Fig. 7 Influence of improvement area ratio on the (a) total
pile efficacy and (b) maximum geosynthetic deflection at
different cohesion values of fills

the contribution of the cohesion to the load transfer is
limited. This is because with a lower (, the soil arch-
ing effect is less stable. As a result, the soil arching
that was mobilized due to the friction component is
greater than the one mobilized by the cohesion (re-
flected in o).

As depicted in Fig. 7b, the maximum geosynthe-
tic deflection decreases with the increase of { or the
cohesion of the fills. Interestingly, the maximum geo-
synthetic deflection variation trend is opposite to the
pile efficacy trend observed in Fig. 7a. Such results
agree with expectations, considering that a higher pile
efficacy corresponds to a reduced load borne by the geo-
synthetic. In summary, these results indicate the posi-
tive effect of the increase in ¢ and cohesion on the
load transfer capabilities of GRPS embankments, re-
sulting in greater pile efficacy and less geosynthetic
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deflection. Particularly from an engineering perspec-
tive, maintaining a ¢ above 10% is recommended for
cohesive embankments to effectively mobilize the co-
hesion effect.

4.3 Internal friction angle of fills

Fig. 8a illustrates the influence of internal fric-
tion angle of fills on the total pile efficacy for differ-
ent fill cohesion values. It is observed that the pile ef-
ficacy increases with an increase in the internal fric-
tion angle and the cohesion, indicating the positive ef-
fect of these two parameters on load transfer in GRPS
embankments. However, the internal friction angle’s
influence on the pile efficacy has diminishing returns
as it increases further. This tendency is aligned with
the numerical results of Pham and Dias (2021a). In
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Fig. 8 Influence of internal friction angle of fills on the (a)
total pile efficacy and (b) maximum geosynthetic deflection
at different cohesion values of fills

addition, the fill cohesion’s influence on the pile effi-
cacy is less significant for a relatively high internal
friction angle. As mentioned previously, the soil arch-
ing mobilization is significantly associated with shear
resistance. With the increase of the internal friction
angle, the friction resistance component significantly
increases, resulting in a lower influence of the cohe-
sion resistance component on the soil arching mobili-
zation (a fact which is reflected in K and ). There-
fore, the cohesion’s influence on the pile efficacy de-
creases with the increase of the fill’s internal friction
angle.

Considering that a pile efficacy increase can re-
duce the loads acting on the geosynthetic, it is reason-
able to speculate that the maximum geosynthetic de-
flection decreases with the increase of the internal
friction angle and the cohesion of fills. Indeed, this
tendency is observed in our analysis, as presented in
Fig. 8b. Similarly, the influence of the internal friction
angle and the cohesion of fills on the maximum geo-
synthetic deflection decreases as the fill internal fric-
tion angle increases. All these results indicate that it is
efficient to choose fills with a relatively high cohesion
and internal friction angle (not exceeding 35° in this
analysis) to improve the load transfer in the GRPS
embankments.

4.4 Geosynthetic tensile stiffness

Fig. 9a depicts the influence of the geosynthetic
tensile stiffness on the total pile efficacy for different
fill cohesion values. One can observe that the pile effi-
cacy slightly increases as the geosynthetic tensile stiff-
ness increases. This means that as the geosynthetic
tensile stiffness increases, greater embankment loads
are transferred to the pile caps. Furthermore, we find
that an increase in fill cohesion results in a pile efficacy
increase, which indicates the positive effect of the fill
cohesion in enhancing the load transfer capabilities of
GRPS embankments. However, the cohesion’s influ-
ence on the pile efficacy is slightly dependent on the
geosynthetic tensile stiffness.

The influence of the geosynthetic tensile stiff-
ness on the maximum geosynthetic deflection for dif-
ferent fill cohesion values is presented in Fig. 9b. The
results show that as the geosynthetic tensile stiffhess
increases, the maximum geosynthetic deflection de-
creases. Note that the geosynthetic tension is associated
with both the geosynthetic tensile stiffness and the



95

—{}— c=0kPa
L --O-- c=10kPa
— /A - c=20kPa

Total pile efficacy, E (%)
[e) ©
(4] L=}
T T

(o]
o

75 L | 1 1 1 1 1 | L

0 1000 2000 3000 4000 5000
Geosynthetic tensile stiffness, Jer (KN/m)
(a)
40
—{1— c=0kPa

r — O -c=10kPa
T --/-- ¢c=20kPa
£ 35
>
c _D‘D—D\D\D\{
k3] &@@=
18] -
< 30 et TN - T il
©

A-D Ao
E L L B, p
£
x
g 25
20 1 1 L 1 L 1 1 L L
0 1000 2000 3000 4000 5000

Geosynthetic tensile stiffness, Jegr (KN/m)

(b)

Fig. 9 Influence of geosynthetic tensile stiffness on the (a)
total pile efficacy and (b) maximum geosynthetic deflection
at different cohesion values of fills

maximum geosynthetic deflection through Eq. (19).
This can be considered as the main reason for the in-
significant pile efficacy increase as the geosynthetic
tensile stiffness increases. In addition, the maximum
geosynthetic deflection decreases when the fill cohe-
sion is increased. Consequently, these results showcase
the positive influence of the fill cohesion in improv-
ing load transfer in GRPS embankments. This sug-
gests that it may be inefficient to enhance load trans-
fer in GRPS embankments by solely increasing the
geosynthetic tensile stiffness.

4.5 Subsoil reaction modulus

Fig. 10 presents the variations of the total pile eft-
icacy and the maximum geosynthetic deflection with
the subsoil reaction modulus, for different fill cohesion
values. As seen in Fig. 10a, the pile efficacy decreases
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Fig. 10 Influence of subsoil reaction modulus on the (a)
total pile efficacy and (b) maximum geosynthetic deflection
at different cohesion values of fills

as the subsoil reaction modulus increases, and this pat-
tern follows an exponential function. The pile efficacy
approaches a limit value when the subsoil reaction
modulus exceeds 500 kPa/m. This means that the sub-
soil will support greater loads when its reaction modu-
lus is higher (as reflected by ¢,). However, such influ-
ence becomes less significant as the subsoil reaction
modulus increases. In addition, an increase in the fill
cohesion results in a larger pile efficacy. However, for
highly compressible subsoils (e.g., when the subsoil
reaction modulus is smaller than 500 kPa/m), the pile
efficacy depends more strongly on the subsoil reac-
tion modulus than the fill cohesion. This is because
for highly compressible subsoils, the geosynthetic de-
formation is significant and the contribution of the
tensioned membrane effect on the pile efficacy be-
comes considerable. Consequently, when the subsoil
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is highly compressible (such as in soft soils), the pile
efficacy is more sensitive to variations in the subsoil
reaction modulus than to changes in the fill cohesion.
In contrast, for incompressible subsoils, all the load
between piles is carried directly by the subsoil, so
both the soil arching effect and the tensioned mem-
brane effect become negligible.

As shown in Fig. 10b, a nonlinear relationship
between the maximum geosynthetic deflection and the
subsoil reaction modulus is observed for each case.
As the subsoil reaction modulus increases, the maxi-
mum geosynthetic deflection decreases sharply. The
main reason for this is that with the subsoil reaction
modulus increase, more loads are being applied to the
subsoil (¢,), while fewer loads are being borne by the
geosynthetic (o4;). This results in a decrease in the
maximum geosynthetic deflection. It also leads to a
pile efficacy decrease, as analyzed in Fig. 10a. In ad-
dition, an increase in the fill cohesion causes a slight
decrease in the maximum geosynthetic deflection. This
is because the soil arching effect becomes more signif-
icant with the increase in fill cohesion. Thus, fewer re-
sidual loads are transferred to the geosynthetic and to
the subsoil (reflected in o,). On the other hand, with a
larger subsoil reaction modulus, more loads are sup-
ported by the subsoil, making the fill cohesion’s influ-
ence on the maximum geosynthetic deflection less sig-
nificant, as shown in Fig. 10b. These results suggest
that the load transfer in the GRPS embankments is
particularly sensitive to the subsoil reaction modulus
for highly compressible subsoils. Hence, caution should
be exercised when evaluating the reaction modulus of
highly compressible subsoils.

5 Study limitations

During the development of the model, four as-
sumptions were made. Although satisfactory results
were obtained for the proposed model and validated
against several engineering cases, there are still limita-
tions that warrant further study. First, only the vertical
soil deformations were considered, which may lead to
inaccuracies, especially for embankments with large
heights or height-to-width ratios, where lateral defor-
mations might be significant. For such cases, more
comprehensive methods, such as numerical simulation,
may be necessary to achieve higher accuracy. Second,

the model assumes homogeneous soil properties, which
may not fully represent cases involving heterogeneous
soils. Third, the friction between piles and surround-
ing subsoils is neglected. Hence, caution is required
when applying this model to scenarios involving fric-
tional piles or cases where pile-soil interaction plays a
dominant role. Moreover, the exclusion of the creep
of the geosynthetic reinforcement may result in an un-
derestimation of the geosynthetic deflection. This can
be solved by using creep reduction factors for the con-
sidered geosynthetics. Additionally, the proposed model
is not applicable for relatively low embankments (with
a height less than 0.5 times the center-to-center spac-
ing between piles in the diagonal direction), due to
the hemispherical arching model utilized. Finally, the
scope of the practical case studies is limited by the
narrow range of available data. Further validation of
the proposed model should therefore consider a broader
range of scenarios.

6 Conclusions

In this study, we proposed a simplified analytical
model for estimating the load transfer in GRPS em-
bankments, which explicitly incorporated the influence
of fill cohesion. The proposed model extends the typ-
ical hemispherical arching approach to cohesive soils
and also integrates the soil arching effect, tensioned
membrane effect, and subsoil support into a unified
framework. Our methodology is conceptually and
mathematically simple, offering a practical tool for
early-stage design and optimization.

The proposed model achieves strong agreement
with measured data and generally outperforms four
well-known design methods, particularly for cohesive
embankments. Neglecting the fill cohesion or subsoil
support, as is done in most existing methods, results
in overestimation of the maximum geosynthetic de-
flection and the geosynthetic tension. We found that
fill cohesion significantly enhances the load transfer
capability of GRPS embankments, resulting in greater
pile efficacy and smaller geosynthetic deflection. This
effect is more pronounced when the improvement area
ratio ({) exceeds 10%, and diminishes with increasing
normalized fill height or internal friction angle.

It was also revealed that the pile efficacy in-
creases significantly with the normalized height of the



embankment until a critical normalized height (2.5 in
this parametric study) is reached, beyond which fur-
ther increases in fill height yield limited improvements
in pile efficacy. Moreover, a higher internal fill fric-
tion angle or a higher improvement area ratio both
contribute to increased pile efficacy and reduced geo-
synthetic deflection. For highly compressible subsoils,
the load transfer efficiency is highly sensitive to the
subsoil reaction modulus. In contrast, for incompress-
ible subsoils, the load between piles is entirely carried
by the subsoil, with negligible contributions coming
from soil arching or the tensioned membrane effect.

In summary, incorporating fill cohesion is essen-
tial for analytical modeling of GRPS embankments
under short-term loading conditions. Our proposed
model provides a reliable and efficient framework for
load transfer analysis in both cohesive and cohesion-
less GRPS embankments, making it practical for engi-
neering design.
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